Serotonin transporter (SERT) catalyzes reuptake of the neurotransmitter serotonin (5-HT) and is a target for antidepressant drugs and psychostimulants. It is a member of a large family of neurotransmitter and amino acid transporters. A recent study using site-directed cysteine modification identified a helical region of the transporter with high accessibility to the cytoplasm. Subsequently, the high resolution structure of LeuT, a prokaryotic homologue, showed that the residues corresponding to this helical region are part of the fifth transmembrane domain. The accessibility of these positions is now shown to depend on conformational changes corresponding to interconversion of SERT between two forms that face the extracellular medium and the cytoplasm, respectively. Binding of the extracellular inhibitor cocaine decreased accessibility at these positions, whereas 5-HT, the transported substrate, increased it. The effect of 5-HT required the simultaneous presence of Na ؉ and Cl ؊ , which are transported into the cell together (symported) with 5-HT. In light of the LeuT structure, these results begin to define the pathway through which 5-HT diffuses between its binding site and the cytoplasm. They also confirm a prediction of the alternating access model for transport, namely, that all symported substrates must bind together before translocation.
Serotonin transporter (SERT)
2 is a polytopic membrane protein responsible for reuptake of the neurotransmitter serotonin (5-hydroxytryptamine, 5-HT) following its release (1) . It is a member of the NSS or SLC6 family of sodium-coupled neurotransmitter and amino acid transporters, which also includes transporters for dopamine, norepinephrine, ␥-aminobutyric acid, and glycine (2) . SERT is a target for antidepressant drugs such as fluoxetine (Prozac) and for psychostimulants such as cocaine and 3,4-methylenedioxymethamphetamine (also known as ecstasy) (3, 4) . Antidepressants, cocaine and the high affinity cocaine analog 2␤-carbomethoxy-3␤-(4-iodophenyl)tropane (␤-CIT, or RTI-55) are competitive inhibitors of SERT-mediated 5-HT uptake and are likely to bind from the extracellular medium close to the 5-HT binding site on SERT (5) (6) (7) .
SERT couples the transport of one 5-HT molecule into the cell together with one Na ϩ and one Cl Ϫ ion and in exchange for one K ϩ ion in each catalytic cycle (8 -10) . According to the alternating access model, a transporter contains a central binding site for substrates that is exposed alternately to either side of the membrane through conformational changes (11, 12) . As a corollary to the alternating access model, when a transporter couples the transmembrane movement of more than one substrate, the process requires, for maximum efficiency, that the conformational change occurs only when all substrates that are transported in the same direction (symport) are bound (13) . When substrates are transported in opposite directions (antiport) efficient coupling requires that the conformational change occurs only when substrate is bound and not when the binding site is empty (14, 15) .
Applied to SERT, these rules for efficient coupling suggest that extracellular 5-HT, Na ϩ , and Cl Ϫ must all be bound before the transporter will undergo the conformational change that opens the permeation pathway connecting the binding site to the cytoplasm and that cytoplasmic K ϩ must bind before the cytoplasmic pathway closes and the extracellular pathway opens. It is unlikely that the substrate-permeation pathways are both open simultaneously, because that would create a channel that would rapidly dissipate any accumulated substrate. Thus, we expect that the cytoplasmic permeation pathway should close before the extracellular pathway opens, and vice versa.
In 2003 we demonstrated that TnaT from Symbiobacter thermophilum, one of the many previously uncharacterized prokaryotic proteins homologous to SERT, was a functional amino acid transporter (16) . Subsequently, another prokaryotic transporter from the NSS family, LeuT from Aquifex aeolicus, was crystallized (17) . The high resolution structure obtained from these crystals represents a major development in the understanding of this family of transporters. It allows us to interpret results from site-directed chemical modification studies within a structural context. Nevertheless, many aspects of transporter function, including conformational changes accompanying transport, are not apparent from the LeuT structure.
A similar situation exists for other transport proteins, many of which have recently been crystallized (18 -25) . Only for those proteins, such as Ca 2ϩ ATPase and lac permease, for which there is an abundance of biochemical data available has the structure been very informative as to transport mechanism. To address the conformational changes that SERT undergoes as a result of substrate and inhibitor binding, we have employed a strategy of site-directed chemical modification (26, 27) , replacing endogenous SERT residues with cysteine and testing their reactivity toward methanethiosulfonate (MTS) reagents either in intact cells, where these reagents have access to the extracellular face of SERT, or in unsealed membrane preparations. In both cases, we have used, as a background construct, a SERT mutant (X5C) with five endogenous cysteine residues replaced by alanine or isoleucine (28) .
Using this approach, we and others have identified many positions in SERT where the reactivity of an inserted cysteine is modulated by substrate or inhibitor binding. At some positions, this is apparently due to steric interaction (17, 29, 30) , but for most of the positions where ligand binding affects reactivity, the interaction is apparently allosteric (28, (31) (32) (33) . In some mutants, only substrates but not inhibitors affected the reactivity of the inserted cysteine, and the effect required the simultaneous presence of Na ϩ and Cl Ϫ . Because of the requirement for Na ϩ and Cl Ϫ in transport, we postulated that the conformational change requiring substrate, Na ϩ , and Cl Ϫ led to conversion of SERT to a conformationally distinct intermediate in the transport cycle, but we had no evidence with which to assign that intermediate to a particular conformation. The work presented in this communication allows us to make a tentative assignment to the intermediate.
We previously investigated the cytoplasmic accessibility of SERT in the region predicted to form an intracellular loop between transmembrane domain (TM) 4 and TM5 (34) . We found that cysteine residues substituted for Trp-271 through Ile-290 were accessible to 2-(aminoethyl)methanethiosulfonate hydrobromide (MTSEA) in membrane preparations from transfected cells, but not in those intact cells, indicating that those positions were accessible from the cytoplasm. In this region, six positions, 273, 274, 277, 280, 281, and 284, appeared to be much more accessible to reaction with MTSEA suggesting an ␣-helical conformation (34) . In the high resolution structure of LeuT, the region corresponding to SERT 271-290 constitutes the cytoplasmic half of TM5 (17, 35) . The more accessible residues are indicated in Fig. 1 , which shows TM5 in the context of the overall structure of SERT as inferred from the LeuT structure.
Because the structure of LeuT gives no hint about the cytoplasmic permeation pathway, we investigated the possibility that the accessible region identified in SERT TM5 contributes to this pathway. The previously identified cysteine mutants were found to vary in reactivity in response to substrates and inhibitors in a manner consistent with opening and closing of this permeation pathway.
EXPERIMENTAL PROCEDURES
Expression of Rat SERTs-Construction of the rSERT cysteine mutants used here was described previously (34) . Each mutant was subcloned into the X5C background construct (C15A/C21A/C109A/C357I/C622A), which is lacking all of the endogenous cysteine residues known to react with MTS reagents (28) . The expression system used has been described in detail elsewhere (36) .
Binding Assay-Binding of the high affinity cocaine analogue ␤-CIT was measured in crude membrane preparations from transfected HeLa cells as described previously (34) . For membrane binding assays, frozen membranes from cells expressing rat SERT mutants were thawed on ice, applied to Multiscreen-FB 96-well filtration plates (Millipore, Bedford, MA), and washed five times by filtration with 100 l of binding buffer (10 mM HEPES buffer, pH 8.0, containing 150 mM NaCl, or equimolar concentration of other salts as indicated). To measure the effect of ligands, the indicated concentrations of 5-HT or cocaine were added to the washed membranes and incubated for 10 min in binding buffer containing 150 mM of NaCl, NMDG chloride, or sodium isethionate, as indicated. MTSEA was subsequently added to the membranes, the mixture was incubated for 15 min at room temperature, and the membranes were then washed five times to remove unbound MTSEA and ligand. ␤-CIT binding was then initiated by the addition of 100 l of the standard binding buffer containing 150 mM NaCl and 0.1 nM [
125 I]␤-CIT (RTI-55, PerkinElmer Life Sciences). Binding was allowed to proceed for 1.5 h at room temperature with gentle rocking. The reaction was stopped by washing three times with 100 l of ice-cold binding buffer. The filters were removed from the plate and counted with a Wallac MicroBeta plate counter in 150 l of Optifluor (PerkinElmer Life Sciences).
Data Analysis-Nonlinear regression fits of experimental and calculated data were performed with Origin (OriginLab, Northampton, MA), which uses the Marquardt-Levenberg nonlinear least squares curve-fitting algorithm. The statistical analysis given was from multiple experiments. In the figures, data with error bars represent the mean Ϯ S.D. from triplicate measurements. Asterisks indicate significance at the p Ͻ 0.05 level in the paired Student's t tests.
RESULTS
Previous results (34) indicated a reactive stripe of positions on one face of TM5 (Fig. 1) . We chose SERT mutant S277C as a representative of residues on this highly reactive face and K279C as a representative of the relatively unreactive face. For each of these mutants, we measured the ability of substrates, inhibitors, and ions to influence the rate of reaction with MTSEA. In these experiments, we incubated membranes from cells expressing a given mutant with the indicated compliment of ions and ligands and MTSEA at a concentration expected to inactivate ϳ50% in 15 min. At the end of this incubation, the membranes were washed free of MTSEA and ligands into binding buffer containing NaCl and [ 125 I]␤-CIT. Altered ionic conditions or ligand addition, therefore, was present only during the incubation with MTSEA and not during the binding measurement.
The extent of MTSEA reaction was inferred, as previously shown (34) , from the decrease in ␤-CIT binding to the membranes. In that work, we showed that ␤-CIT binding to mutants with a cysteine at positions 273-288 could be completely (Ͼ90%) inactivated by MTS reagents (34) . K275C and K279C were not completely inactivated by MTSEA but were sensitive to (2-sulfonatoethyl)methanethiosulfonate (MTSES), and the difference was shown to be incomplete reaction with MTSEA rather than residual activity in the MTSEA-modified protein (34) . These studies showed that S277C reacted with MTSEA over 100 times faster than does K279C (34). However, by using different concentrations of MTSEA, we were able to inactivate approximately half of the ␤-CIT binding activity in each case and to measure the effects of ligands on that reaction. In this and subsequent experiments, the activity remaining after MTSEA treatment is presented. In the absence of MTSEA, essentially 100% of activity remained. If a given treatment led to more activity than with MTSEA alone, this indicated protection, or decreased reactivity, and likewise a decrease in remaining activity indicated increased reactivity toward MTSEA.
The results for substrate and inhibitor effects on K279C are shown in Fig. 2 . Both 5-HT and cocaine decreased the reactivity of K279C protecting it from inactivation by MTSEA, although neither ligand completely protected against inactivation, even at the highest concentrations used. Protection was observed in the presence of NaCl and when either Na ϩ or Cl Ϫ was replaced (by NMDG or isethionate, respectively). However, the potency of 5-HT and cocaine was reduced when both Na ϩ and Cl Ϫ were present during inactivation relative to when either Na ϩ or Cl Ϫ was absent. The increase in IC 50 was estimated to be 2-to 4-fold for 5-HT and Ͼ5-fold for cocaine. For S277C, the results were similar with cocaine but quite different with 5-HT. Cocaine decreased S277C reactivity toward MTSEA under all conditions, and the IC 50 for this effect was 4-to 5-fold higher in the presence of both Na ϩ and Cl Ϫ (Fig. 3) . For 5-HT, reactivity did not decrease under any conditions. In contrast, 5-HT rendered S277C more reactive toward MTSEA inactivation but only when both Na ϩ and Cl Ϫ were present.
To confirm that the different extents of inactivation in the presence of cocaine and 5-HT were in fact due to different rates of reaction and not a qualitatively different effect of modification by MTSEA, we measured inactivation of ␤-CIT binding to S277C membranes as a function of MTSEA concentration. As shown in Table 1 , the presence of 5-HT or cocaine decreased or increased, respectively, the MTSEA concentration required to inactivate half of the binding activity. Addition of 10 M cocaine increased the MTSEA concentration required for halfmaximal inactivation by almost 3-fold, and 10 M 5-HT decreased that concentration 4-fold. These ligands caused (35) . The region of TM5 and the second intracellular loop containing positions that react with MTSEA is shown in gold at the lower left. Side chains are shown, and numbered for residues in TM5 found to react rapidly with MTSEA (34) . Also labeled is Lys-279, a less reactive residue in TM5. To mark the substrate binding site, a molecule of leucine is shown at the position corresponding to where it was found in the LeuT crystal structure. The inset shows a helical wheel representation of the region under study. Cysteine residues at positions labeled in red were highly reactive relative to those shown in cyan. much smaller changes in the maximal extent of inactivation. The average extent was 91% for MTSEA alone, 85% in the presence of 5-HT, and 93% in the presence of cocaine. These results are consistent with changes in the reactivity of S277C in response to 5-HT and cocaine and argue against alternative possibilities, for example, that MTSEA completely modifies this mutant in the presence of cocaine without completely blocking ␤-CIT binding.
We previously showed that MTSEA was able to inactivate binding to the TM5 cysteine mutants only in membrane preparations and not in intact cells (34) . To confirm that 5-HT and cocaine do not alter the sidedness of MTSEA reactivity, we tested the ability of extracellular MTSEA to inhibit 5-HT transport and ␤-CIT binding in intact cells expressing S277C. Using 1 mM MTSEA, which inactivated S277C Ͼ80% in membrane preparations within 15 min, we observed no inhibition of either transport or binding either in the presence or absence of 10 M 5-HT or cocaine ( Table 2) .
The effects of 5-HT and cocaine on MTSEA reactivity were not limited to these two mutants. Fig. 4 shows a summary of inactivation measurements with mutants containing cysteine at positions on the less reactive faces of TM5. Some of these mutants, such as K275C and T276C, were very insensitive to MTSEA, but for most of the others, significant inactivation was observed in the absence of 5-HT or cocaine (white bars). When present during the incubation with MTSEA, both 5-HT and cocaine, at 10 M, significantly decreased the reactivity of K272C and W282C like they did for K279C as shown in Fig. 2 . V283C, A285C, and T286C were also protected by both ligands under conditions where Na ϩ or Cl Ϫ was absent, but 5-HT failed to protect V283C and A285C in the presence of NaCl, and T286C was resistant to inactivation in NaCl. The results show that 5-HT did not increase the reactivity of any residues on the less reactive face of TM5.
In contrast, 5-HT increased the reactivity (as indicated by the greater extent of inactivation) of many positions on the reactive face of TM5 (Fig. 5) . Significantly, this increase required the concomitant presence of both Na ϩ and Cl Ϫ . Fig. 5 shows that G273C, V274C, V280C, and V281C, like S277C, were inactivated to a greater extent when 5-HT, Na ϩ , and Cl Ϫ were present during the MTSEA incubation (lower panel). 5-HT had little effect on these residues in the absence of Na
In contrast, for all these mutants and for all conditions tested, cocaine decreased their reactivity toward MTSEA, protecting them from inactivation (Fig. 5) . T284C (closest of the reactive residues to the substrate binding site, Fig. 1 ) was unique among the tested residues in TM5, because it was protected by 5-HT in the absence of Na ϩ or Cl Ϫ but was unaffected by 5-HT in NaCl. In addition to Na ϩ , Cl Ϫ , and 5-HT, SERT also transports K ϩ as part of the translocation cycle (8, 37) . To determine the influence of K ϩ on the accessibility of TM5, we measured the ability of MTSEA to inactivate TM5 cysteine mutants in the presence of various monovalent cations. In addition to Na ϩ and K ϩ , we also tested the influence of Li ϩ , which was previously shown to influence conformational changes and ligand binding in SERT (38) . Fig. 6 shows the effect of increasing concentrations of Na ϩ , K ϩ , and Li ϩ on inactivation of ␤-CIT binding by SERT K279C. NMDG-Cl was present to maintain isotonicity. As shown in Fig. 6 , Na ϩ had no discernable effect on the inactivation, but both K ϩ and Li ϩ dramatically increased the MTSEA reactivity toward K279C in a concentrationdependent manner.
The effect of K ϩ on reactivity was most obvious for residues closer to the cytoplasmic end of TM5. Fig. 7 shows that cysteine mutants K272C through K279C all showed increased reactivity in the presence of 150 mM K ϩ (upper panel) while V280C through T284C were not significantly affected (lower panel). Unlike K ϩ , Li ϩ increased the reactivity of all tested TM5 cysteine mutants. For both cations, there was no apparent difference between positions on the more or less reactive face of TM5.
DISCUSSION
The results presented here support the proposal that the cytoplasmic permeation pathway of SERT, through which 5-HT, Na ϩ , Cl Ϫ , and K ϩ pass in transit between their binding sites and the cytoplasm, is composed, in part, by TM5. According to this proposal, and consistent with our results, this pathway is open to the cytoplasm in one of two mutually exclusive conformations of SERT, and closed in a second conformation, which is able to bind extracellular inhibitors such as cocaine. Our results also illustrate one consequence of the alternating access model for transport, which is that interconversion between these two conformations should occur when the binding sites for 5-HT, Na ϩ , and Cl Ϫ all are occupied. Previous work from our laboratory had assigned residues from Trp-271 through Ile-290 to the second intracellular loop because of their accessibility to MTSEA in membrane preparations but not in intact cells (34) . The corresponding residues in the subsequently published high resolution structure of LeuT indicated that this region comprised the cytoplasmic half of (34) . Values (mean Ϯ S.D., n ϭ 3) indicate the activity remaining after treatment and are from a representative experiment that was reproduced twice. were incubated with MTSEA as described in the Fig. 4 legend. The concentration of MTSEA was 2 mM for X5C, 0.008 mM for G273C, 0.01 mM for S277C, V281C, and T284C, and 0.03 mM for V274C and V280C. The membranes were then washed, and ␤-CIT binding activity was measured as described. Each mutant was tested repeatedly (2-5 times) in replicate experiments with similar results. The asterisks indicate significant differences (p Ͻ 0.05) relative to MTSEA alone.
Mutant
TM5 (17) . In that structure, many positions were not solventaccessible, especially residues corresponding to those we found highly reactive in SERT. The results presented here suggest that TM5 was reactive because it contributes to the cytoplasmic substrate-permeation pathway, which is closed in the LeuT structure but presumably open in other conformations of LeuT and SERT. The accessible region found in SERT extended past Pro-288. The corresponding residue in LeuT is Leu-202, which is within 6 Å of one of the Na ϩ ions bound near leucine in the LeuT structure. The cytoplasmically accessible region of TM5, therefore, is sufficiently long to span the distance from the cytoplasm to the binding site.
The most interesting of our results is that 5-HT and cocaine had opposite effects on accessibility in the putative TM5 permeation pathway. The reactivity of cysteine residues on the highly reactive face of TM5 (at positions 273, 274, 277, 280, and 281) was decreased by the presence of cocaine during incubation with MTSEA. 5-HT, however, increased MTSEA reactivity toward the same residues (Figs. 3 and 5) . We interpret this difference as being due to the ability of 5-HT and not cocaine to act as a substrate for SERT. As a non-transported competitive inhibitor that acts from outside the cell, cocaine is expected to bind to, and stabilize, the form of SERT in which the substrate binding site is facing the extracellular medium, thereby preventing the cytoplasmic pathway from opening and reacting with MTSEA. Conversely, MTSEA modification of a cysteine in the cytoplasmic pathway is expected to trap SERT in the cytoplasmic form in which the extracellular pathway, where cocaine and ␤-CIT bind, is closed. This provides an explanation for the fact that MTSEA, acting from the cytoplasmic face of SERT, inhibits ␤-CIT binding to an extracellular site.
In contrast to cocaine, 5-HT is expected to allow interconversion of SERT to the cytoplasmic form, from which substrates are released. Because this release of 5-HT requires opening of the cytoplasmic permeation pathway, it is expected that, as 5-HT is transported to the cytoplasm, residues lining that pathway will be more accessible to reagents approaching from the cytoplasmic face of the protein.
These conclusions are based on an assumption that the effects of 5-HT and cocaine are allosteric and that these ligands do not influence SERT mutants by a direct interaction with the site of MTSEA reactivity. For 5-HT, the effect on reactivity requires both Na ϩ and Cl Ϫ , although it was shown that neither ion is required for 5-HT binding (5) . Therefore, 5-HT can bind in the absence of Na ϩ or Cl Ϫ without affecting the reactivity of TM5 cysteine residues. Furthermore, because 5-HT increased, rather than decreased, the reactivity of cysteines that we believe are in the permeation pathway, it is unlikely that the 5-HT binding site overlaps the positions that react with MTSEA. It is also likely that the effect of cocaine is allosteric. Cocaine acted from the outside of the cell to inhibit 5-HT uptake, whereas extracellular MTSEA did not appreciably react with these TM5 cysteine mutants in intact cells but only in membrane preparations (34) ( Table 2) . Finally, these two ligands affect the reactivity of cysteines at positions from 273 to 281, and it is unlikely that both the 5-HT and cocaine binding sites extend over this 15-Å region. From all these considerations, it is likely that 5-HT and cocaine acted allosterically to increase or decrease, respectively, MTSEA reactivity with these TM5 cysteine residues.
Our results provide evidence for other conformational changes in addition to the interconversion of SERT between extracellular and cytoplasmic forms. Figs. 2 and 3 show that cocaine and 5-HT potency were decreased when both Na ϩ and Cl Ϫ ions were present (compare the lower NaCl panels to the top and middle panels). This change in affinity presumably reflects conformational changes that precede 5-HT binding and interconversion from extracellular to cytoplasmic forms of SERT. Yet another conformational change may be responsible for 5-HT decreasing the MTSEA reactivity of TM5 mutants that face away from the putative permeation pathway (Figs. 2  and 4 ). It should be noted that these residues are relatively unreactive even in the absence of ligands, and any small conformational changes that decrease the accessibility of this region even slightly are likely to produce a large further decrease in reactivity.
In the alternating access model of transport, substrates that are transported together (such as 5-HT, Na ϩ , and Cl Ϫ in the case of SERT) are expected to bind together before the protein can convert between extracellular to cytoplasmic forms. To prevent uncoupled flux, this conversion should not occur if one or more of the substrates are missing. To our knowledge, the requirement that all substrates be bound before conformational reorientation of the transporter has never before been demonstrated. Our observation (Figs. 3 and 5) that both Na ϩ and Cl Ϫ must be present for the 5-HT-dependent increase in reactivity of TM5 residues may be the first example linking the conformational transition to the requirement for binding of all symported substrates.
It is important to note that Na ϩ and Cl Ϫ are not required for 5-HT binding, because 5-HT was shown to bind in the absence of Na ϩ or Cl Ϫ (28). Moreover, the protective effects of cocaine and 5-HT were seen in the absence of Na ϩ or Cl Ϫ (Figs. 2 and 4 ). In studies of the reactivity of cysteine residues inserted into extracellular loops 1 and 4, we have observed indications of conformational change in SERT that depended on the presence of 5-HT, Na ϩ , and Cl Ϫ (28, 33) , but in the absence of the present findings and the LeuT structure, the nature of the conformational change was not apparent. It is likely that the previously observed reactivity changes that required 5-HT, Na ϩ , and Cl Ϫ all are due to the same conformational change revealed here by exposure of the TM5 residues.
The influences of K ϩ and Li ϩ (Figs. 6 and 7) are apparently due to additional conformational changes. Both cations significantly increased the reactivity of TM5 cysteine mutants, although the effect of K ϩ was restricted to the cytoplasmic end of the accessible region. Li ϩ was previously shown to affect reactivity in extracellular loop (EL) 1 (38) , and both effects of Li ϩ may result from its ability to act as a chaotropic ion. The effect of K ϩ , detectable at concentrations as low as 20 -50 mM, suggests a more specific influence on SERT conformation, which is different from that of 5-HT or cocaine. K ϩ antiport is part of the SERT reaction cycle, and Li ϩ does not replace K ϩ in this step (8) . It is possible that a distinct conformation mediates the K ϩ -dependent conversion of SERT to the extracellular form. From the increased reactivity at positions 272-279, we can surmise that the cytoplasmic end of TM5 increased its conformational flexibility in the presence of K ϩ . The structure of LeuT indicated an internal structural repeat in which TMs 1-5 corresponded to TMs 6 -10 but with an inverted topology (17) . Thus, the extracellular half of TM10 corresponds to the cytoplasmic half of TM5. We previously found that cysteines at positions from Gly-484 through Pro-499 reacted with the impermeant reagent [2-(trimethylammonium)ethyl] methanethiosulfonate (MTSET) (39) . These residues correspond to Asn-397 through Ile-410 of LeuT, which constitute the short EL5 loop and about half of the TM10 helix (17) . The LeuT structure has been described as a "shot glass" where the cavity in the glass reaches almost to the bound substrate molecule (17) . Lining the walls of the cavity are TMs 1, 3, 6, 8, and 10. In particular, the region of TM10 corresponding to the exposed residues in SERT continues past the bottom of the cavity and passes within ϳ7 Å of the bound substrate. Thus, the exposed region of TM10, like that of TM5, is long enough to span the distance from the binding site to the outside surface of the protein.
If the extracellular half of TM10 fulfills a role similar to that of the cytoplasmic half of TM5, the compact conformation of the cytoplasmic half of LeuT in the crystal structure (likely similar to the extracellular form) might be a model for the extracellular half of SERT in the cytoplasmic form. Some evidence supporting this idea comes from studies with TM1 and EL4 of SERT. Cysteines at positions from 403, 404, 407, and 409 in EL4 were less reactive toward MTSET in the presence of 5-HT, and this protection required both Na ϩ and Cl Ϫ as did the 5-HT effect in TM5 (33) . A cysteine at position 107 in TM1 was more reactive toward MTSET in the presence of cocaine and less reactive in the presence of 5-HT (30) . This is exactly opposite to what we found with TM5 (Figs. 3 and 5 ), but it is consistent with the idea that the inner permeation pathway opens when the outer pathway closes. Likewise, the relatively open conformation of the extracellular face of LeuT may serve as a model for the cytoplasmic face of SERT in the cytoplasmic form. The reactive residues in TM5 face TMs 1, 6, and 8, and it is possible that, in addition to TM5, the cytoplasmic permeation pathway is formed by these helices. In this context, it is interesting that residues in the cytoplasmic portions of TMs 1 and 6 were recently shown to become more accessible in the presence of substrate in the related Tyt1 tyrosine transporter from Fusobacterium nucleatum (40) .
